On arrival of an action potential at a nerve terminal, Ca 2+ enters through voltage-gated Ca 2+ channels and forms a high intracellular Ca 2+ concentration ([Ca 2+ ] i ) domain of tens (nanodomain) to hundreds (microdomain) of nanometers in diameter. Ca 2+ in this domain triggers the fusion of synaptic vesicles with the plasma membrane for exocytic neurotransmitter release. Fused vesicle membrane is subsequently re-internalized by endocytosis and recycled 1,2 into the vesicle pool to be reused for synaptic transmission. Although the critical role of intracellular Ca 2+ in exocytosis is well established, its role in endocytosis remains less certain. In secretory cells 3 and at synapses 4-6 , intracellular Ca 2+ is involved in fast vesicle endocytosis having a time constant of subseconds to seconds. At the auditory calyx of Held synapse in immature rats, slow endocytosis, having a time constant of tens of seconds, depends on intracellular Ca 2+ , with the endocytic rate being faster at higher [Ca 2+ ] i 7, 8 . However, at more mature calyces 9 or at cultured hippocampal synapses 10,11 , endocytic rate is relatively constant for various magnitudes of Ca 2+ influx and exocytosis.
a r t I C l e S
On arrival of an action potential at a nerve terminal, Ca 2+ enters through voltage-gated Ca 2+ channels and forms a high intracellular Ca 2+ concentration ([Ca 2+ ] i ) domain of tens (nanodomain) to hundreds (microdomain) of nanometers in diameter. Ca 2+ in this domain triggers the fusion of synaptic vesicles with the plasma membrane for exocytic neurotransmitter release. Fused vesicle membrane is subsequently re-internalized by endocytosis and recycled 1, 2 into the vesicle pool to be reused for synaptic transmission. Although the critical role of intracellular Ca 2+ in exocytosis is well established, its role in endocytosis remains less certain. In secretory cells 3 and at synapses [4] [5] [6] , intracellular Ca 2+ is involved in fast vesicle endocytosis having a time constant of subseconds to seconds. At the auditory calyx of Held synapse in immature rats, slow endocytosis, having a time constant of tens of seconds, depends on intracellular Ca 2+ , with the endocytic rate being faster at higher [Ca 2+ ] i 7, 8 . However, at more mature calyces 9 or at cultured hippocampal synapses 10, 11 , endocytic rate is relatively constant for various magnitudes of Ca 2+ influx and exocytosis.
The Ca 2+ chelators EGTA and BAPTA have similar Ca 2+ -binding affinities, but BAPTA has a more than hundred-fold faster Ca 2+ -binding rate than EGTA 12 . These Ca 2+ buffers are often used for assessing the distance from Ca 2+ source to its sensor 13 . At immature calyces of Held, before hearing onset (postnatal day 10-12, P10-12) 14 , EGTA loaded into the terminal strongly reduces transmitter release 15 . After rodents start to hear sound, however, the inhibitory effect of EGTA becomes much weaker, whereas that of BAPTA is unchanged 16 , suggesting that the domains, where Ca 2+ -secretion coupling occurs, undergo developmental reduction in diameter from microdomain to nanodomain. At immature calyces, similar to vesicle exocytosis, endocytosis is also attenuated by EGTA when loaded into the terminal 7, 8 , suggesting the involvement of bulk [Ca 2+ ] i elevation that extends to outside of the nanodomain in vesicle endocytosis. However, the question as to whether [Ca 2+ ] i in the nanodomain affects vesicle endocytosis remains open, especially at more mature synapses.
Another question of vesicle endocytosis is what is the molecular mechanism downstream of Ca 2+ . In chromaffin cells 17 and at immature calyces of Held 8 , calmodulin (CaM) is thought to mediate Ca 2+ -dependent vesicle endocytosis. Furthermore, in chromaffin cells 18, 19 and brain synaptosomes 20 , the Ca 2+ /CaM-dependent protein phosphatase calcineurin (CaN) is thought to underlie endocytosis via dephoshorylation of a group of endocytic proteins 21 , which promotes their assemblies 22 . Vesicle endocytosis generally depends on GTP hydrolysis 23, 24 , but GTP-independent endocytosis has also been reported at retinal bipolar terminals 25 and immature calyces of Held 26 . We asked whether these endocytic mechanisms operate at the calyx of Held after hearing onset. Our results indicate that nanodomain Ca 2+ is involved in the fast and slow modes of vesicle endocytosis, both of which are independent of CaM/CaN, but entirely dependent on GTP hydrolysis at the calyx of Held after hearing onset.
RESULTS

Effects of Ca 2+ buffers on vesicle endocytosis
At the calyx of Held presynaptic terminal of rats before (P7-9, prehearing) and after (P13-14, post-hearing) hearing onset, we elicited exocytosis using Ca 2+ currents induced by a 20-ms square depolarizing pulse (from −80 to +10 mV) and recorded the exocytic increase in membrane capacitance (C m ) followed by a slow endocytic C m decrease [6] [7] [8] [9] 23 . The endocytic C m decay time course decreased as the rats aged 9 (time constant, τ = 30.3 ± 4.2 s (n = 8) at P7-9 and a r t I C l e S 17.8 ± 1.2 s (n = 9) at P13-14, P < 0.05; Fig. 1 ). To examine whether intracellular Ca 2+ is involved in such slow endocytosis, we first loaded the slow Ca 2+ chelator EGTA at 10 mM into calyceal terminals via whole-cell patch pipettes. EGTA slowed the endocytic C m decay at P7-9 calyces (Fig. 1a,b) , as previously reported 7, 8 , but had no effect at P13-14 ( Fig. 1c,d ). The fast Ca 2+ chelator BAPTA loaded at 1 mM also slowed endocytosis to a greater extent than 10 mM EGTA at P7-9 calyces 7 . However, 1 mM BAPTA had no effect at P13-14 ( Fig. 1d) . At pre-hearing calyces, the rate of endocytosis becomes slower as the amount of exocytosis becomes larger 6, 7, 9, 23 , whereas at P13-14, the endocytic τ was constant when evoked by a short (1-20 ms) depolarizing pulse ( Supplementary Fig. 1 ) 9 . Thus, the lack of effect of 10 mM EGTA and 1 mM BAPTA on endocytic rate at post-hearing calyces would not be secondary to their inhibitory effects on exocytosis.
Might endocytosis at mature synapses be independent of Ca 2+ or dependent exclusively on a transient increase of [Ca 2+ ] i in Ca 2+ nanodomains, which cannot be attenuated by 10 mM EGTA or 1 mM BAPTA 12, 13 ? To investigate this issue, we loaded P13-14 calyces with 10 mM BAPTA. Exocytosis evoked by single 20-ms depolarizing pulse was abolished by 10 mM BAPTA (data not shown), so we evoked a larger exocytosis using a short (1 s) train of repetitive depolarizing pulses (20 times at 20 Hz; Fig. 1e ). This train induced a larger exocytic C m change (ΔC m , 1.33 ± 0.11 pF, n = 9) followed by a bi-exponential endocytic C m decay (τ fast = 1.5 ± 0.3 s, 39 ± 5%, τ slow = 14.9 ± 2.8 s, τ mean = 9.9 ± 1.9 s, n = 9), which was slightly slowed by 10 mM EGTA (τ mean = 17.7 ± 3.1 s, n = 8, P = 0.031; Fig. 1e,f) . After loading with 10 mM BAPTA, exocytic ΔC m was strongly reduced, but a small exocytic fraction remained (0.20 ± 0.02 pF, n = 5). Notably, this exocytosis was not followed by an endocytic C m decay (Fig. 1e,f) . Thus, 10 mM BAPTA completely abolished endocytosis at more mature calyces. These results suggest that vesicle endocytosis after exocytosis is triggered primarily by nanodomain Ca 2+ at post-hearing nerve terminals.
Ca 2+ -dependent fast and slow endocytosis We next investigated the mechanisms underlying fast and slow endocytosis induced by repetitive stimulation 6 (Fig. 2) . When the calyx a r t I C l e S of Held terminal in P7-9 rats was repetitively stimulated by 20-ms depolarizing pulses at 1 Hz, C m increases summed, and concomitantly the endocytic C m decay after each pulse (initial rate, 41 ± 7 fF s −1 , n = 16) became gradually faster and reached a maximal rate (rate max ) at around the eighth pulse ( Fig. 2a ) of 160 ± 11 fF s −1 (mean value of 10 th -20 th events; Fig. 2b ). In P13-14 calyces, the 1-Hz train also induced endocytic acceleration ( Fig. 2d) and reached a rate max (207 ± 32 fF s −1 , n = 8; Fig. 2a ) similar to that at P7-9 (P = 0.2). After the 1-Hz train, C m slowly recovered to the baseline, with a τ mean of 38.8 ± 5.6 s (n = 7) at P7-9 (Fig. 2a,c ) and 21.6 ± 0.9 s (n = 7) at P13-14 ( Fig. 2d,f) . Thus, the endocytic rate after repetitive stimulation became faster as the rats aged (P = 0.021).
To examine the Ca 2+ dependence of endocytosis induced by this stimulation protocol, we loaded EGTA (10 mM) into the calyceal terminals. In P7-9 calyces, EGTA potently inhibited the endocytic acceleration during the stimulus train as previously reported 6 , with its rate max being reduced to 27.1 ± 4.8 fF s −1 (n = 6, P < 0.0001; Fig. 2a,b) . In P13-14 calyces, EGTA also attenuated the endocytic acceleration (Fig. 2d,e ), but to a lesser extent than in P7-9 calyces (rate max , 87.2 ± 9.6 fF s −1 , n = 9). Essentially the same results were obtained for the percentage of C m recovery during the 1-Hz pulse ( Supplementary  Fig. 2 ). In both age groups, the slow C m recovery after the stimulus train was inhibited by 10 mM EGTA, with its effect being weaker in post-hearing calyces (Fig. 2) . Thus, bulk [Ca 2+ ] i elevation contributed to both fast and slow types of endocytosis and its contribution decreased as the rats matured. In P13-14 calyces, 10 mM BAPTA nearly abolished the EGTA-resistant endocytosis during and after the repetitive stimulation (Fig. 2d-f) , suggesting that nanodomain Ca 2+ is primarily involved in endocytosis with different kinetics at posthearing calyceal terminals. a r t I C l e S CaM/CaN-dependent endocytosis at immature terminals These results suggest that both the fast and slow modes of endocytosis can be triggered by intracellular Ca 2+ at both pre-hearing and posthearing calyces of Held. At pre-hearing calyces, it has recently been reported that CaM initiates all forms of endocytosis 8 . We re-examined this issue in pre-hearing and post-hearing calyces with intraterminal loadings of the CaM-specific inhibitors, myosin light-chain kinase (MLCK) peptide or CaM-binding domain (CBD) peptide. At prehearing calyces, MLCK peptide (0.2 μM) significantly attenuated endocytic acceleration during the 1-Hz stimulation (Fig. 3a,b) and reduced the rate max (81.3 ± 13 fF s −1 , n = 6) compared with the control peptide (0.2 μM), which cannot bind to CaM 27 (194.6 ± 20.8 fF s −1 , P < 0.01). MLCK peptide at a higher concentration (30 μM) had a similar inhibitory effect (rate max = 83.8 ± 14 fF s −1 , n = 7), suggesting that its maximal effect was attained at 0.2 μM. CBD peptide (20 μM) also reduced the rate max (Fig. 3a,b) to 70.4 ± 9.1 fF s −1 (n = 5). In addition to its effect on fast endocytosis, MLCK peptide (0.2 μM) significantly prolonged the slow endocytosis after the 1-Hz train, with its half decay time (τ 0.5 , 58.1 ± 8.0 s, n = 5) being longer than that observed after control peptide loading (21.1 ± 1.1 s, n = 5, P < 0.01; Fig. 3a,c) . CBD peptide (20 μM) showed a similar inhibitory effect on the slow endocytosis (τ 0.5 = 55.5 ± 8.7 s, n = 5; Fig. 3a,c) . These results confirm that CaM activity is involved in Ca 2+ -dependent fast and slow endocytosis at pre-hearing calyceal synapses 8 .
To determine whether CaM-dependent endocytosis depends on nanodomain Ca 2+ , we loaded calyces with 10 mM EGTA, together with MLCK peptide (0.2 μM). In the presence of 10 mM EGTA, MLCK peptide had no further inhibitory effect on endocytosis evoked by the 1-Hz train (Fig. 3a,c) . Thus, elevation of bulk [Ca 2+ ] i is required for activation of CaM mediating fast and slow endocytosis.
We next examined whether CaN might mediate the CaM-dependent endocytic components by loading either the CaN inhibitor FK-506 (0.1 μM) or cyclosporin A (CysA, 1 μM) into P7-9 rat calyces. Similar to the CaM inhibitors, these CaN inhibitors attenuated the endocytic acceleration, reducing the rate max attained during the stimulus train (control, 194.5 ± 20.4 fF s −1 , n = 11; FK-506, 103.0 ± 9.1 fF s −1 , n = 11, P < 0.01; CysA, 110.8 ± 10.2 fF s −1 , n = 8, P < 0.01; Fig. 3d,e) . The CaN inhibitors also slowed endocytic C m decay after the 1-Hz train with increased τ 0.5 (control, 19.7 ± 2.4 s, n = 7; FK-506, 55.8 ± 9.0 s, n = 6, P < 0.01; CysA, 51.0 ± 5.0 s, n = 6, P < 0.01; Fig. 3d,f) . Loading FK-506 or CysA at a higher concentration (10 μM) had no additional effect (data not shown), suggesting that the maximal effect was attained by FK-506 at 0.1 μM and CysA at 1 μM. When we loaded both FK-506 (0.1 μM) and MLCK peptide (0.2 μM), their combined effects on fast and slow endocytosis were not stronger than their individual effects (Fig. 3d-f) , suggesting that CaN exclusively mediates the downstream effect of CaM on vesicle endocytosis. Thus, the Ca 2+ -CaM-CaN cascade mediates a large fraction of fast and slow endocytosis during and after repetitive stimulation at pre-hearing calyces of Held.
Developmental decline of the CaM/CaN-dependent endocytosis
We next examined whether the Ca 2+ -CaM-CaN-dependent endocytic mechanism persists in the post-hearing calyces of Held by loading either MLCK peptide (30 μM) or CBD peptide (20 μM) into P13-14 calyces. In contrast with pre-hearing calyces, these CaM inhibitor peptides no longer affected endocytosis during or after the 1-Hz train at P13-14 ( Fig. 4a-c and Supplementary Fig. 3) . Similarly, the CaN inhibitors FK-506 (10 μM) and CysA (10 μM) no longer affected endocytosis evoked by the stimulus train at P13-14 calyces (Fig. 4d-f) . These results suggest that neither fast nor slow endocytosis is mediated by the Ca 2+ -CaM-CaN cascade at the calyx of Held after hearing onset. 
a r t I C l e S
What developmental change causes the loss of functions of CaM and CaN in endocytosis? During the second postnatal week, CaM expression at calyceal terminals remains unchanged 28 . We therefore examined the expression of CaN in pre-hearing and post-hearing calyces. Immuno-staining with antibody to CaN (Fig. 5a) revealed that CaN was universally expressed at calyceal terminals in P7-8 rats, which were identified by synaptophysin immunoreactivity. At calyces in P14-15 rats, however, CaN immunoreactivity was much weaker (Fig. 5a) . In densitometric quantification after subtracting the background in the presence of exogenous CaN, the intensity of CaN immunoreactivity at P14-15 calyces was 61% of that at P7-8 (Fig. 5b) . Consistently, western blot analysis using tissue samples from the medial nucleus of trapezoid body (MNTB) regions also revealed a significant developmental decrease (to 66%, from P7 to P14, P = 0.04) in CaN immunoreactivity (Supplementary Fig. 4) . Thus, CaN expression at the calyceal terminals was apparently downregulated during development, which may contribute, at least in part, to the developmental decline of the involvement of the Ca 2+ -CaM-CaN cascade in vesicle endocytosis.
GTP dependence of endocytosis at the calyx of Held
At pre-hearing calyces (P7-9), the nonhydrolysable GTP analog GTPγS nearly abolishes slow endocytosis induced by a single depolarizing pulse (duration, 1-20 ms) when loaded into the terminal at 0.2-0.3 mM 23, 26 . However, a more recent study reported the presence of GTPγS-resistant endocytosis, which became apparent as the net exocytic C m increases by more than 2 pF during intensive stimulation 26 . At the retinal bipolar cell terminal, GTPγS has no effect on endocytosis at 3.5 mM 25 , but abolishes it at 5 mM 24 . We therefore asked whether vesicle endocytosis can be observed in the presence of 5 mM GTPγS (tetralithium salt) at pre-hearing calyces. To minimize GTP synthesis from ATP, we removed the ATP-generating reagent phosphocreatine and reduced the ATP concentration to 2 mM in the pipette solution. In this condition, small fractions of fast and slow endocytosis were discerned during and after the 1-Hz train (Fig. 6a-c) , confirming a previous report 26 . To determine whether this GTPγS-resistant component is CaM dependent or not, we loaded MLCK peptide (0.2 μM) and GTPγS (5 mM) into P7-9 calyces. In the presence of GTPγS, MLCK peptide had no additional effect on endocytosis during or after the 1-Hz train (Fig. 6a-c) , indicating that GTPγS occluded the inhibitory effect of MLCK peptide on vesicle endocytosis. Thus, at immature calyces, the GTP-independent minor endocytic component was not mediated by CaM and the CaM-dependent fast and slow endocytosis was entirely GTP dependent.
We next examined whether this GTPindependent endocytosis persists after hearing onset. In P13-14 calyces, GTPγS (5 mM) completely abolished endocytosis during and after the 1-Hz train, despite the fact that the exocytic ΔC m accumulated during the train (3.4 ± 0.3 pF, n = 8) was greater than that at pre-hearing calyces (P = 0.043) (Fig. 6d-f) . Thus, vesicle endocytosis appears to become entirely GTP dependent during the second postnatal week at the calyx of Held.
DISCUSSION
Nanodomain Ca 2+ couples endocytosis to exocytosis To maintain transmitter release by vesicle recycling and to keep the area of presynaptic membrane constant, the amount of vesicle exocytosis must be somehow reported to the endocytic machinery. It has been suggested that Ca 2+ does this in the case of massive exocytosis [4] [5] [6] [7] . Our results suggest that Ca 2+ acts, also for moderate exocytosis in a physiological range, by simultaneously triggering both exocytosis and endocytosis of synaptic vesicles in the Ca 2+ nanodomain at relatively mature calyces of Held. This is consistent with endocytic rate not being dependent on stimulus intensity over a wide range at relatively mature synapses [9] [10] [11] (Supplementary Fig. 1) . In response to an action potential, [Ca 2+ ] in the nanodomain (within 50 nm of Ca 2+ channels 13 ) rises to hundreds of micromolar and dissipates in milliseconds 29 , thereby triggering exocytic transmitter release 16 . During such a short period, Ca 2+ may prime vesicles for endocytosis, which occurs after exocytosis over tens of seconds and is not Ca 2+ dependent 30 , possibly at the peri-active zone 31, 32 . The actual distance between the sites of Ca 2+ entry and vesicle endocytosis remains unknown.
Simultaneous activation of exocytic and endocytic machineries by nanodomain Ca 2+ would allow low-affinity Ca 2+ -binding proteins such as synaptotagmin 33, 34 and synaptophysin 35 to be involved in endocytosis, supporting the idea that these proteins have dual roles in vesicle exocytosis and endocytosis. This is also consistent with the hypothesis that the C terminus 36 or synprint site 37 of the α subunit of voltage-gated Ca 2+ channel is involved in vesicle endocytosis via its direct interaction with endocytic proteins. On prolonged repetitive stimulation, Ca 2+ would spill out of the nanodomain. In such a condition, bulk Ca 2+ would become involved in a r t I C l e S vesicle endocytosis to prevent the nerve terminal from aberrant swellings and from severe synaptic vesicle pool depletion.
Developmental changes in endocytic mechanisms
Consistent with previous studies in secretory cells 3 40 . This developmental change, together with the downregulation of CaN expression, might explain the lack of CaM-and CaN-dependent endocytosis in the post-hearing calyces. Although NCS-1 family, CaBP1 and hippocalcin have a Ca 2+ -binding affinity that is 1-2 orders of magnitude higher than CaM 41 , it remains to be seen whether these Ca 2+ -binding proteins might be involved in vesicle endocytosis at mature synapses with lower bulk [Ca 2+ ] i .
Another controversial issue of vesicle endocytosis is its GTP dependence. Although we confirmed the presence of the GTPindependent endocytosis at pre-hearing calyces 26 , as has been seen at retinal bipolar terminals 25 , this mechanism no longer operated after hearing onset. Similarly, at the neuromuscular synapse in Drosophila, some forms of shortterm depression do not depend on dynamin GTPase at the larval stage 42 , but there is an acute need for dynamin during repetitive stimulation at mature synapses 43 and the synaptic vesicle pool is severely depleted in dynamin-deficient flies 2 . Dynamin 1 is essential for the slow mode of endocytosis after strong stimuli 44 , and pretreatment of synapses with dynamin inhibitors blocks synaptic transmission after prolonged repetitive stimulation 23, 45 . Thus, a GTP-and dynamin-dependent form of endocytosis may be critical for mature synapses to properly function.
Vesicle endocytosis is typically classified into fast and slow modes 46, 47 , whose relative prominence depends on Ca 2+ buffer type and concentration 4, 7, 8 . However, our results suggest that this classification does not agree with underlying mechanisms. At posthearing calyces, 10 mM EGTA had no effect on slow endocytosis lasting tens of seconds following a short pulse (20 ms) stimulation, whereas it attenuated endocytosis with similar kinetics following a repetitive stimulation. The remaining EGTA-resistant endocytic components were abolished by 10 mM BAPTA. These results suggest that slow endocytosis can be mediated by distinct Ca 2+ sensors residing inside and outside of the Ca 2+ nanodomain. At pre-hearing calyces, fast endocytosis during a repetitive stimulus and slow endocytosis after the train had similar pharmacological properties, with both being sensitive to 10 mM EGTA and inhibitors for CaM and CaN. Thus, endocytosis with different kinetics can be mediated by a common mechanism. Fast endocytosis during the repetitive stimulation had a similar kinetics throughout P7-14, but the underlying mechanism was independent of CaM and CaN after hearing onset. Thus, a classification from a more mechanistic viewpoint remains to be established for vesicle endocytosis with different kinetics.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/natureneuroscience/. 
